Abstract. The application of aluminum alloys is continuing to increase in automotive and aerospace industries. In this study, the stamping of a cross-shaped part, representing typical deep drawn automotive parts, was attempted with three different types of aluminum alloy sheets. To characterize the anisotropic properties of the material, uniaxial tensile tests were performed with ASTM standard dog-bone specimens cut from AA5052, AA5754 and AA6016 T4 alloy sheets. The stamping of the cross-shaped parts was conducted using a high capacity servo press with a servocushion system. Deformation strains developing in stamped parts were measured with the ARGUS system for comparison with finite element simulation results. Formed parts were also cut in two different directions using a water-jet machine, and thickness variations along the length of the cut section were measured. The measured surface strains and thickness distributions were compared with finite element simulations results obtained with LS-Dyna explicit code using the Yld2000-2D and Hill's 48 yield functions. Overall, experimental and numerical results correlated well, especially with the Yld2000-2D yield function, implying that this yield function is well suited for the modeling of the complex cross-shaped parts with aluminum alloys.
Introduction
Advanced manufacturing technology and weight reduction are two important topics in material processing when it comes to the reduction of energy consumption in transportation industry. Weight reduction can be achieved by optimizing the structural design and usage of lightweight materials, such as magnesium, titanium and aluminum alloys. The application of aluminum alloy, in particular, is increasingly applied in both automotive and aerospace industries. The average usage of aluminum in passenger cars has doubled during the last decade [1] [2] [3] . AA6016 is mostly used for the autobody application in Europe. This alloy shows a superior formability and corrosion resistance [1] . Forming behavior of AA6016 was studied by Klos et al. using Hill's 90 yield criterion. They compared cup drawing tests with numerical simulations in order to validate the simulation of complex parts [4] . For fabricating automotive parts like fuel tank, floor panel, side and inner panels, aluminum alloy AA5754 and AA5052 are mostly used [5, 6] .
Fracture during press forming is a big issue for aluminum alloy sheets because of low ductility. Therefore, optimization of forming conditions to prevent the fracture of aluminum alloy sheets has been widely studied using finite element analysis (FEA). The FEA result accuracy depends on the constitutive model describing the behavior of the material [7] . Many constitutive models have been used to describe the material anisotropy starting with Hill's 48 [8] . During the last three decades, many anisotropic models have been used to improve the modeling of material behavior [9] [10] [11] [12] [13] . One of the most famous material models was introduced by Barlat as Yld2000-2D which is an anisotropic yield function for the plane stress condition [14] .
In this study, tensile tests for dog bone specimens of three different aluminum alloys, 5052, 5754 and 6016 in 0, 45, and 90 degrees with respect to the rolling direction have been performed. The anisotropic behaviors of these aluminum alloy sheets have been modeled using two different yield functions, Hill's 48 and Yld2000-2D. Then, cross die forming tests were conducted using a high capacity servo press with a servo-cushion system. Strain distribution measurement was performed using ARGUS system based on conventional grid analysis. Cross formed samples were cut using a water-jet machine for thickness measurements in two directions. These experimental results were compared with simulations results using Hill's 48 and Yld2000-2D yield functions in LS-Dyna explicit code.
Material characterization

Uniaxial tensile tests
Uniaxial tests with standard ASTM rectangular dog-bone shaped samples of the three aluminum alloys (AA5052 and AA5754 without any heat treatment and AA6016 with T-4 temper) were performed on a MTS testing machine to obtain the stress-strain curves and anisotropic properties at room temperature. Two extensometers were used to measure the longitudinal and width strain during the test. Tensile coupons were fabricated in three different directions i.e. rolling direction (RD), diagonal direction (DD), and transverse direction (TD) to obtain the anisotropy coefficients (R0, R45, and R90). The tests were repeated three times for each condition. All the tests were done at a strain rate of 0.006s -1 .
Hill's 48 and Yld2000-2D anisotropy coefficients
By using the measured 0 , 45 , and 90 , the anisotropy coefficients for the Hill'48 yield function were calibrated as presented in Table 2 . It should be noted that for the calibration of Hill's 1948 yield function, the material parameters for out of plane stress components were assumed to be same as the isotropic von Mises yield function, i.e. L = M = 1.5 [15, 16] . In addition, the anisotropy coefficients of Yld2000-2D were calibrated using the normalized yield stress values (i.e. 0 0 ⁄ = 1, 45 0 ⁄ , and 90 0 ⁄ ), as well as the plastic anisotropy values (i.e. 0 , 45 , and 90 ) as listed in Table3. Note that the yield stress and R-value for the balanced biaxial stress mode were assumed to be 1.0. The measured (or assumed) data used for calibration of the anisotropic coefficients are summarized in Table 1 . 
Cross die forming process
The cross die forming test was conducted using a 300-Ton AIDA servo press with a 25-Ton servo-cushion system. The punch speed was set at 15 stroke per minute (SPM), and a blank holder force of 50 KN were used. In the cross die forming test, the orientation of the blank can be changed to produce different forming behavior. Figure 1 shows the rolling direction (RD) of the blank, which is along the cross. Cross die forming test specimens are 470 mm x 470-mm rectangular sheets with thicknesses of 1mm for AA5052, 0.9mm for AA5754, and 1.2mm for AA6016. A stamping lubricant was applied on the both sides of the blank using the UNIST Motorized Roller System. The etched grid pattern was applied on each sample before the forming processes, and the strain distributions were measured by the grid analysis in ARGUS system, in which the strain values were calculated by comparing before and after grid shapes.
Figure 1. Schematic of Specimen Orientations and a Sample Cross Formed Part
Experimental results from the cross die forming tests were compared with the simulations result performed in LS Dyna explicit code using two anisotropic yield functions i.e. Hill's 48 and Yld2000-2D. It should be noted that for this study, Swift type hardening model was primarily selected over other types of hardening laws (e.g., Voce) because it exhibited the hardening behavior of the current material accurately. As for the simulations, element size of 5mm and a total number of 8836 quadrilateral shell elements were used for the blank. The blank was only constrained by friction in the analysis with no additional boundary conditions. The blank was placed between a blank-holder and a die. The blank-holder force was 50 KN. The punch was considered stationary, while the die moved toward the punch by 96 mm depth with a velocity of 300 mm/s. The friction coefficient of 0.15 was assumed. The thinning of the sheet is one of the most important factors to be considered in the sheet metal forming process. Figures 2-4 shows the thinning of Al5052 in depth of 90 mm, Al5057 in depth of 83 mm, and Al6016 in depth of 71 mm as the formability of these aluminum alloys are different. The contours for the experimental measurement and simulation results with Yld2000-2D are almost identical, which means this model is a better representative of the material behavior. It should be noted that the thinning measurement was not captured at the wall areas due to the removal of etched patterns of the aluminum surface. In Figure 5 cross formed samples were cut along two orientations i.e. along the cross and 45 degrees to the cross using a water-jet machining for thickness measurements which was done at 15mm intervals. The same procedure was performed in the simulations, in order to measure the thickness reduction of the deformed samples along the same orientations. 
Conclusions
This study showed that Yld2000-2D and even Hill's 48 are decent representative of anisotropy behavior of aluminum alloys namely; AA5052, AA5754 and AA6016 T-4 in the cross forming process. As for material characterization, uniaxial tensile tests of AA5052, AA5754 and AA6016 T-4 dog-bone specimen were performed to obtain the stress-strain curves and the anisotropic properties. Since a two-dimensional (2D) plane stress yield function is sufficient to capture the mechanical behavior in conventional metal forming processes, such as stamping, Yld2000-2D and Hill's 48 yield functions anisotropy coefficients were calibrated to predict the anisotropic properties of these aluminum sheets. Compared to Hill's 48, Yld2000-2D showed better prediction of the anisotropy (for both R-value and yield stress distribution). These two yield functions were used to simulate the cross die forming process in LS-Dyna explicit code and compared with the experiments conducted using a high capacity servo press with servo-cushion system. Furthermore, the thinning and strain distribution of the cross formed blanks obtained from FEM analysis were compared with the measured values obtained through ARGUS grid analysis. The simulation results and the experiments were almost identical especially with the Yld2000-2D.
